farming has led to declines in soil fertility and, in some cases, inappropriate and excessive use of chemical fertilisers and pesticides has caused soil degradation, negatively impacting human and environmental health. The soil and plant microbiomes are significant determinants of plant fitness and productivity. Microbes are also the main drivers of global biogeochemical cycles and thus key to sustainable agriculture. There is increasing evidence that with development of appropriate technologies, the plant microbiome can be harnessed to potentially decrease the frequency of plant diseases, increase resource use efficiencies and ultimately enhance agricultural productivity, while simultaneously decreasing the input of chemical fertilisers and pesticides, resulting in reduced greenhouse gas emissions and promoting environmental sustainability. However, to successfully translate potential to practical outcomes, both fundamental and applied research are needed to overcome current constraints. Research efforts need to be embedded in industrial requirements and policy and social frameworks to expedite the process of innovation, commercialisation and adoption. We propose that learning from the advancement in the human microbiome can significantly expedite the discovery and innovation of effective microbial products for sustainable and productive farming. This article summarises the emergence of microbiome technologies for the agriculture industry and how to facilitate the development and adoption of environmentally friendly microbiome technologies for sustainable increase in farm productivity.
The global population is expected to reach 9 billion by 2050 and an increase of 70-100% in farm productivity is needed to meet the demand for food and fibre. This increase in agriculture productivity needs to be met from a shrinking arable land area due to multiple , which may dominate under certain environmental conditions and limit crop productivity. Therefore, identifying beneficial microbes is a critical first step to harness them to sustainably increase farm productivity. In this regard, applying the core microbiome (persistent members of microbiota that appear in all communities associated with a particular crop or plant species under different environments and management practices) approach is gaining scientific attention 6, 7 . The core microbiome is considered a critical component for essential functions for holobionts (i.e. plant plus microbiota) as they are enriched, selected and inherited by evolutionary steps 6 . The core microbiome of a number of crops including maize, barley, rice, soybean, lettuce, and sugarcane have been reported [7] [8] [9] with some taxa present in most of the studied crop hosts. However, few biogeography studies have questioned the universal distribution of taxonomic core microbiome under various environmental conditions. It has been suggested that the microbiota recruited by a given plant genotype in different environments seems to share greater functional than taxonomic similarity 6 . According to this view, elucidating a functional core microbiome either by directly looking for functional attributes (using metagenomics such as shotgun sequencing) or indirectly through taxonomic information (using methods such as PICRUSt and Tax4Fun) will provide better understanding of the role of the microbiome in plant performance and health that can be harnessed for improving farm productivity for multiple crops.
The identification of a core microbiome of various crop species will help to identify plant-associated microbes that should be prioritised for further research, inclusion in culture collections, and manipulative experiments to improve crop productivity further. 
Current status and challenges
Use of microbes for agriculture has been practiced for several decades, mainly in the form of bio-fertilisers and bio-pesticides.
These are mainly one-species products that either provide nutri- . This projection is based on the fact that current microbial products are based on a small proportion of cultivable species (~5% of the total microbiome) and biochemical characterisation of whole microbiomes for agriculture products is in its infancy.
Further, the majority of cultivable microbes have yet to be explored for their plant beneficial activities. For example, more than 50% of human medicines come from natural resource 13 but only 11% of pesticides have biological origin, suggesting that most pesticidal properties from microbes are yet to be discovered. These possibilities have attracted significant investments from both government agencies and private companies. However, to realise the full potential, a number of technical, regulatory and social challenges need to be addressed. 
Two key approaches for harnessing the plant microbiomes
A simplified approach for harnessing plant microbiomes (we used this term both for isolated consortium and in situ microbiome) is outlined in Figure 1 . . Bai et al. 19 have shown that through selective screening protocols a culture collection of microbes can be generated that represents the majority of bacterial species that are reproducibly detectable by culture independent community sequencing. As the number of genomes obtained from binning of metagenomics sequence data is rapidly growing, this genome-assisted cultivation approach has potential to significantly improve microbial cultivation fields. Success of microbial products in field conditions can be enhanced either by the improvement of strains or using local microflora which are adapted to a particular region. Furthermore, plant-assisted microbial breeding can improve the mutual recognition of host and microbial products that can help the colonisation in field conditions.
Improvised traditional approaches
Use of endophytes provides another avenue for better efficacy, In Focus it produces signal molecules which rhizosphere microbes respond to by upregulating their phosphorus-mobilising genes 23 . Similar signaling mechanisms are also evident for attack of pathogens and pests 4 . Plants also communicate with each other through volatile organic compounds (VOCs) to induce responses that facilitate colonisation with beneficial microbes 24 . However, given the extremely low quantity of signal molecules produced, only a few such molecules have been characterised. If the detection and characterisation of signal molecules can be improved, it will provide an important tool to introduce a directional change in microbial activities which is beneficial for plant performance.
(2) use of microbial cocktails, which does not have direct beneficial impacts on plants, can increase the activity of indigenous plantbeneficial microflora. These cocktails mainly contain microbes with high amounts of signal molecules. (3) identification of hub microbiota of crop species, and their role in microbiome assembly and activities, provides an important tool to manipulate the whole microbiome in situ. (4) synthetic biology provides another important tool to engineer novel and predictable functions in crop probiotics, which upon release on a plant can enhance the activities of beneficial microbes in a predictable fashion. (5) in situ genome engineering tools 25 can be used to directly engineer the genome of the in situ microbiome. Here mobile genetic materials (e.g. plasmid) can be delivered to indigenous microflora where they promote desired and directional functions. (6) plants have micro-RNA (miRNA) which is responsible for regulating the structure and function of plant-microbe interactions and the rhizosphere microbiome. This has been utilised to restore healthy digestive systems 26 and could be a significant tool to target beneficiary microbes for enhanced crop production.
We envisage that the use of microfluidics-based technologies will be instrumental in providing unique insights into the microscale plant-microbiome interactions in complex root microenvironments by allowing dynamic imaging of these interactions. This technology is likely to enhance the current rate of discoveries in the field of microbiome research 27 with tremendous applications towards harnessing beneficial interactions in large field settings.
All above emerging technologies in combination with ecological engineering (use of management tools such as crop rotation, nontillage) and plant breeding (e.g. the integration of the plant breeding with a particular microbiome) has a significant potential to manipulate host microbiomes to enhance the efficiency of controlling plant diseases and increasing farm productivity 
Conclusion
The microbiome approaches provide significant opportunities to increase farm productivity in an environmentally sustainable way.
However, plant microbiome research is still in its infancy and further research is needed to advance both theoretical and experimental frameworks in order to convert potential into reality.
Systematic and concerted efforts are required to identify core and hub microbiota of important crop species and how they respond to biotic and abiotic stresses. Although use of microbial products has been growing rapidly, transformational changes in the industry will come from our ability to manipulate the whole microbiome in situ.
There are a number of technologies being developed but a major challenge will be efficacy of these technologies in field conditions.
Integrating effective microbiome approaches with emerging precision agriculture, synthetic biology, satellite, big data and genomic approaches can provide a strong framework to realise the true potential of plant microbiome technologies in agriculture and environmental sectors. With these challenges met, incorporating microbiome-related interventions for increasing plant productivity in an environmentally sustainable way, by promoting resilience/ resistance to abiotic and biotic stresses may emerge as an integral part of modern agriculture.
